The influence of driving conditions on the phase-modulation ability of an optically addressable spatial-light modulator (OASLM) is investigated using an equivalent circuit method and a system for measuring wave-front modulation that uses a phase-unwrapping data-processing method, and is constructed with a charge-coupled device and wave-front sensor. 1λ peak-to-valley phase change for a 1053 nm laser beam is acquired with the home-made OASLM at the optimal driving voltage of 14 V at 200 Hz. The detection system for wave-front modulation has a spatial resolution of 200 µm for binary images and a minimum distinguishable contrast of 1 mm. On-line phase modulation with feedback control can be acquired with the OASLM and the corresponding measuring system.
Introduction
Liquid crystals (LCs) [1] , as tunable elements, are increasingly being used for non-display applications, including intelligent windows, tunable phase-retarders, terahertz bandgap fibers, and spatial-light modulators [2] [3] [4] [5] . Owing to the advantages of low cost and high compactness, phase-only spatial light-modulators (SLMs) have additional potential applications in areas such as adaptive optics and wave-front control [6] [7] [8] . Two of the most common are liquid crystal on silicon (LCOS) and optically addressable types. The LCOS type is reflective and is an electrically addressed type, which means it can easily cause spectral distortion because of Fabry-Perot interference and the black-matrix effect generated by the two-dimensional (2D) periodic opaque electrodes, which can make the beam quality worse. Compared to an electrically addressable spatial-light modulator, the optically addressable spatial-light modulator (OASLM) does not require complex addressable electrode circuits. The filling factor of this type reaches 100%, which means that the generated phase distribution is continuous, not multistep. Its high resolution and simple manufacturing process renders OASLM an ideal alternative for wave-front modulation of laser beams [9] .
An OASLM with parallel-aligned liquid-crystal light valves (LCLVs) works in phase-only mode and the influence of driving conditions on the phase-modulation capability of the OASLM is decisive for its performance. Traditional measurement of the phase retardation of a laser is performed using a Mach-Zehnder interferometer [10] , Twyman-Green interferometer [11] , and wave-front sensor (WFS) [12] . The first two devices are very sensitive to mechanical vibration and air turbulence, and the WFS is limited by its inherently restrictive measurement accuracy range. López-Téllez et al. proposed the unwrapping method to characterize the retardance function of liquid-crystal variable retarders (LCVRs) [13] . This method can quickly and accurately obtain the original, continuous function of the voltage-retardance relationship by removing discontinuities and is applicable to measure the retardance variation of the SLM.
In this study, the impact of driving conditions, including the frequency of the applied voltage and the write-light irradiance on the modulation ability of phase-only OASLM, is investigated. 1λ phase-control ability can be acquired using the home-made OASLM under an applied voltage of 14 V at 200 Hz. In order to monitor the phase-control ability of the OASLM, a detection system including a charge-coupled device (CCD) and WFS was constructed and the aforementioned unwrapping procedure was applied to deduce the phase modulation from the transmittance. The modulation result of a binary image with variable frequencies, and the modulation transfer function (MTF), indicate that the proposed system has a spatial resolution of 200 µm for modulation measurement and a minimum distinguishable contrast of 1 mm. This detection system can correctly monitor the modulation results of the 2D chessboard grayscale image.
The Influence of the Driving Conditions on the Performance of a Phase-Only OASLM
The phase-only OASLM is schematically depicted in Figure 1a . Considering the photoconductive characteristic and spectral absorption coefficient of Bi 12 SiO 20 (BSO) crystal [14] , we use the light-emitting diode (LED) with a wavelength of 470 nm as the light source of the write light. An amplitude-modulating LCOS SLM (Rui Like Co., WXGA Active Matrix LCD, the pixel pitch is 20 µm) has been used to control the collimated beam from the LED source. The bitmapped image is then projected onto the BSO layer through an imaging system. We can control the wave-front of the transmissive read light (with a wavelength of 1053 nm the photoconductive effect of the BSO crystal at 1053 nm is almost negligible) by setting an appropriate bitmap in the LCOS modulator.
and the write-light irradiance on the modulation ability of phase-only OASLM, is investigated. 1λ phase-control ability can be acquired using the home-made OASLM under an applied voltage of 14 V at 200 Hz. In order to monitor the phase-control ability of the OASLM, a detection system including a charge-coupled device (CCD) and WFS was constructed and the aforementioned unwrapping procedure was applied to deduce the phase modulation from the transmittance. The modulation result of a binary image with variable frequencies, and the modulation transfer function (MTF), indicate that the proposed system has a spatial resolution of 200 μm for modulation measurement and a minimum distinguishable contrast of 1 mm. This detection system can correctly monitor the modulation results of the 2D chessboard grayscale image.
The phase-only OASLM is schematically depicted in Figure 1a . Considering the photoconductive characteristic and spectral absorption coefficient of Bi12SiO20 (BSO) crystal [14] , we use the light-emitting diode (LED) with a wavelength of 470 nm as the light source of the write light. An amplitude-modulating LCOS SLM (Rui Like Co., WXGA Active Matrix LCD, the pixel pitch is 20 μm) has been used to control the collimated beam from the LED source. The bitmapped image is then projected onto the BSO layer through an imaging system. We can control the wave-front of the transmissive read light (with a wavelength of 1053 nm the photoconductive effect of the BSO crystal at 1053 nm is almost negligible) by setting an appropriate bitmap in the LCOS modulator.
When the BSO layer (1 mm thickness, 20 × 20 mm 2 effective area) is illuminated with the write light, and an electric field is applied across the optically addressable liquid-crystal light valve (OALCLV), the resistance of the BSO decreases and the voltage begins to act on the LC layer, so the LC director is redirected towards the applied field [15] . As the voltage increases, the director rotates further, which changes the extraordinary refractive index of the LC and results in a reduction in the phase retardance of the OASLM [16] . In this way, the voltage on the LC layer affects the phase controllability of the OASLM. The voltage response of the LC causes a phase change of the OALCLV, so first we studied the relationship between the phase change and the voltage of the LC cell without BSO. We oriented the test cell at 45° between crossed polarizers and applied the alternating voltage. The intensity value of When the BSO layer (1 mm thickness, 20 × 20 mm 2 effective area) is illuminated with the write light, and an electric field is applied across the optically addressable liquid-crystal light valve (OALCLV), the resistance of the BSO decreases and the voltage begins to act on the LC layer, so the LC director is redirected towards the applied field [15] . As the voltage increases, the director rotates further, which changes the extraordinary refractive index of the LC and results in a reduction in the phase retardance of the OASLM [16] . In this way, the voltage on the LC layer affects the phase controllability of the OASLM.
The voltage response of the LC causes a phase change of the OALCLV, so first we studied the relationship between the phase change and the voltage of the LC cell without BSO. We oriented the test cell at 45 • between crossed polarizers and applied the alternating voltage. The intensity value of the modulated 1053-nm laser was obtained using a CCD, and the average value of all pixels was taken as the effective value, which is expressed as follows [17] .
where T refers to the transmittance. Phase change is added to the laser beam by the OASLM according to the loaded grayscale images of the write light. The retardance δ of the liquid crystal layer is expressed as follows:
The phase change is deduced from the transmittance according to Equation (2) . Because of the periodicity, δ can only be within the range of 0 − π, so in the data processing, the phase unwrapping [18] is performed to calculate the actual phase change.
We measured the voltage response curve of an LC cell with 6-µm-thick LC layer (HCCH Co., Jiangsu, China, n e = 1.820 and n o = 1.515 at λ = 589 nm, with the same thickness as the LC layer in OALCLV) and two glass substrates. The voltage response shown in Figure 1b will be used as a reference in the phase change-voltage relationship of the OALCLV. According to this figure, we can acquire the threshold voltage of LC molecule rotation as V thr = 0.4 V and the saturated voltage as V sat = 3 V, and the peak-to-valley (PV) value of the phase change is approximately 1.1λ.
The OALCLV, the main component of the OASLM, can be modelled with an equivalent circuit in Figure 2a . The resistance and capacitance of the LC layer are R LC and C LC respectively. The dark BSO crystal resistance is R 0 . The resistance of the BSO under-uniform illumination level φ is R φ . The value of R 1 C 1 is inversely proportional to the illumination level φ. Similar models have been introduced in our previous work in Reference [19] . With the input voltage V AC = V 0 cosωt, the voltage drop across the LC layer, V LC , can be calculated using the following equation.
These V LC values as a function of the frequency of the V AC , when the OALCLV is illuminated with different write-light irradiances, are shown in Figure 2b , and are solved using Equation (3) with an root mean square (RMS) value of V AC = 3.5 V. Several physical parameters have been used in the model as follows [20] : ρ LC = 10 10 Ω·cm and ε LC = 10 are the density and relative dielectric constant of the LC, respectively, and σ 0 = 10 −14 Ω −1 cm −1 is the dark BSO crystal conductivity. The dotted line indicates V thr . These marked points correspond to the experimental values, which are basically consistent with the simulated values and confirm the validity of Equation (3). From the figure we can see that V LC decreases with increase in frequency when the OALCLV is under the same write-light irradiance. Meanwhile, V LC increases with increase in write-light irradiance when the OALCLV is under the same driving voltage frequency. The V LC of the OALCLV must be greater than V thr to ensure the voltage response and the maximum value of V LC directly determines the PV value of the phase change, that is the phase modulation ability of the OASLM. However, V LC on the LC layer of the OALCLV is difficult to measure directly in the experiment, so we have experimentally verified the effect of four write-light irradiances and four kinds of frequencies of V AC on the phase change ability, and simulated these results using Equation (3), which are depicted in Figure 3 . onsistent with the simulated values and confirm the validity of Equation (3). From the figure we can ee that decreases with increase in frequency when the OALCLV is under the same write-light radiance. Meanwhile, increases with increase in write-light irradiance when the OALCLV is nder the same driving voltage frequency. The of the OALCLV must be greater than to ensure the voltage response and the maximum value of directly determines the PV value of the phase change, that is the phase modulation ability of the OASLM. However, on the LC layer of the OALCLV is difficult to measure directly in the experiment, so we have experimentally verified the effect of four write-light irradiances and four kinds of frequencies of on the phase change ability, and simulated these results using Equation (3), which are depicted in In Figure 3a , the solid lines show the relation between the phase change and at 200 Hz when the OASLM is subjected to four different write-light irradiances of 3.25 mW/cm , 5.75 mW/cm , 7.75 mW/cm , and 9.5 mW/cm . The dashed line shows the simulated phase-change relation deduced from the voltage response of the LC and Equation (3). The average error-rate between the simulated and experimental values is 3.5%. The figure illustrates that as the write-light irradiance decreases in the range of 9.5-3.25 mW/cm , the reduction of being approximately 1 V in Figure  2b , which results in a decrease in phase-change PV value of 0.4λ.
In Figure 3b , the solid lines show the relation between the phase change and at four different driving frequencies, namely 50 Hz, 100 Hz, 150 Hz, and 200 Hz when the OALCLV is uniformly illuminated with the write-light of irradiance 9.6 mW/cm . The dashed line shows the simulated phase-change relation. The average error-rate between the simulated and experimental values is 2%. This figure illustrates that the reduction of the PV value is 0.1λ with the frequency increases from 50 Hz to 200 Hz, which corresponds to a decrease in of 1 V in Figure 2b . In summary, the write-light irradiance and frequency of simultaneously affect the phasechange ability of the OALCLV in the form of change in , the voltage of the LC layer. At the same time, Equation (3) is a reliable formula to simulate and, when it is combined with the voltage In Figure 3a , the solid lines show the relation between the phase change and V AC at 200 Hz when the OASLM is subjected to four different write-light irradiances of 3.25 mW/cm 2 , 5.75 mW/cm 2 , 7.75 mW/cm 2 , and 9.5 mW/cm 2 . The dashed line shows the simulated phase-change relation deduced from the voltage response of the LC and Equation (3). The average error-rate between the simulated and experimental values is 3.5%. The figure illustrates that as the write-light irradiance decreases in the range of 9.5-3.25 mW/cm 2 , the reduction of V LC being approximately 1 V in Figure 2b , which results in a decrease in phase-change PV value of 0.4λ.
In Figure 3b , the solid lines show the relation between the phase change and V AC at four different driving frequencies, namely 50 Hz, 100 Hz, 150 Hz, and 200 Hz when the OALCLV is uniformly illuminated with the write-light of irradiance 9.6 mW/cm 2 . The dashed line shows the simulated phase-change relation. The average error-rate between the simulated and experimental values is 2%.
This figure illustrates that the reduction of the PV value is 0.1λ with the frequency increases from 50 Hz to 200 Hz, which corresponds to a decrease in V LC of 1 V in Figure 2b .
In summary, the write-light irradiance and frequency of V AC simultaneously affect the phase-change ability of the OALCLV in the form of change in V LC , the voltage of the LC layer. At the same time, Equation (3) is a reliable formula to simulate V LC and, when it is combined with the voltage response of the LC, the theoretical phase distribution can be accurately derived when the OALCLV is under different driving conditions.
The voltage across the LC layer affects the phase-modulation ability, which can be controlled by changing the write-light irradiance in the form of a grayscale image loaded on the LCOS in a practical application; therefore, we have experimentally verified the phase-modulation ability of the OASLM as a function of gray-level values when the LED is at different drive currents. Figure 4a depicts the relationship between the phase change and grayscale values when the OASLM is under a V AC of 14 V at 100 Hz and separately loaded these single-value grayscale images with values from 0 to 0.79 (in the normalized 0-255 grayscale range, 0-0.79 is the linear region of write-light irradiance as a function of grayscale value); meanwhile, the driving current of the LED changes from 200 mA to 800 mA. The dashed line shows the simulated phase-change relation deduced from the voltage response of the LC and Equation (3). The average error-rate between the simulated and experimental values is 2.2%. The figure shows that, with an increase in current, the decrease in the PV value, which is the phase-change ability, is 0.23λ, mainly because of the increase in the phase-change values corresponding to the gray level 0, implying that the corresponding V LC is improved. In particular, we simulated the range of V LC , which corresponds to 0-0.79 gray level when the OASLM is subjected to different driving conditions; the results are depicted in Figure 4b . The marked points correspond to the experimental values, which are basically consistent with the simulated values. Figure 4b shows that, when the drive current changes from 200 mA to 800 mA, the write-light irradiance corresponding to the gray level of 0.79 increases from 3.25 mW/cm 2 to 9.50 mW/cm 2 , the V LC values at 100 Hz exceed the V sat value, so all the phase-change values reach the maximum value of 0.97λ as depicted in Figure 4a ; the increase in V LC at 100 Hz is approximately 0.4 V as the write-light irradiance corresponding to the gray level of 0 increases from 0.131 mW/cm 2 to 0.388 mW/cm 2 , and results in a decrease of the PV values of 0.23λ as depicted in Figure 4a . When the frequency is greater than 200 Hz, the values of the V LC of the gray level 0 are all 0.5 V for different driving currents and do not change with increasing frequency. The current of the LED must be at least 400 mA at this time to ensure that the V LC value for the gray level 0.79 exceeds the V sat value, so we set the driving current at 400 mA, the corresponding dynamic range of the write-light irradiance is 0.235-5.75 mW/cm 2 to 0.388 mW/cm 2 when the grayscale value changes from 0 to 0.79 and the frequency is set at 200 Hz in practical applications.
The above analysis reveals that the range of the V LC values corresponding to 0-0.79 gray level directly affects the phase-modulation capability of the OASLM. The ideal driving condition is that when the OASLM is loaded with 0-0.79 grayscale images, the range of V thr -V sat is at least contained in the variation range of V LC to obtain theoretical phase-change capability. The equivalent circuit method combined with the voltage response curve of the LC can reliably simulate the phase-change relationship of OASLM and help us select the appropriate driving conditions, which will guide the development of the modulator with large phase-modulation ability in our future work.
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An On-Line Monitor System for OASLM Modulation
The optical setup in Figure 5 is constructed for on-line monitoring of the phase modulation of the OASLM. A CCD with a spatial resolution of 512 pixels × 512 pixels is used to monitor the OASLM phase modulation and a WFS is used to detect the actual wave-front after the OASLM. In order to achieve phase-only modulation, the relative angle of the optical axis direction between the polarizer and the OALCLV is set to 0 • for WFS measurement. The transmittance is measured by the CCD, when the relative angle of the optical axis direction between the polarizer and the OALCLV is set to 45 • , and the polarizer and the analyzer are perpendicular to each other. Figure 6a shows the transmittance when the OASLM is subjected to a current of write light of 400 mA and V AC of 14 V at 200 Hz. The red curve in the legend is the transmittance of a single-value grayscale modulation, from which we obtain the phase-change function shown in Figure 6b with a PV value of 1λ. After 8-order polynomial fitting, this function is expressed as follows.
the OASLM. A CCD with a spatial resolution of 512 pixels × 512 pixels is used to monitor the OASLM phase modulation and a WFS is used to detect the actual wave-front after the OASLM. In order to achieve phase-only modulation, the relative angle of the optical axis direction between the polarizer and the OALCLV is set to 0° for WFS measurement. The transmittance is measured by the CCD, when the relative angle of the optical axis direction between the polarizer and the OALCLV is set to 45°, and the polarizer and the analyzer are perpendicular to each other. Optical setup used to measure the modulated wave-front. 1, 1053 nm continuous-wave Laser; 2, expander; 3, polarizer; 4, OASLM; 5, lens1, f1 = 150 mm; 6, lens2, f2 = 100 mm; 7, partially reflective mirror; 8, analyzer; 9, filter; 10, CCD; 11, filter; 12, wave-front sensor (WFS) (Physics Co., France, the spatial resolution is 29.6 μm). Figure 6a shows the transmittance when the OASLM is subjected to a current of write light of 400 mA and of 14 V at 200 Hz. The red curve in the legend is the transmittance of a single-value grayscale modulation, from which we obtain the phase-change function shown in Figure 6b with a PV value of 1λ. After 8-order polynomial fitting, this function is expressed as follows.
The values of the fitting coefficients − are: Optical setup used to measure the modulated wave-front. 1, 1053 nm continuous-wave Laser; 2, expander; 3, polarizer; 4, OASLM; 5, lens1, f1 = 150 mm; 6, lens2, f2 = 100 mm; 7, partially reflective mirror; 8, analyzer; 9, filter; 10, CCD; 11, filter; 12, wave-front sensor (WFS) (Physics Co., France, the spatial resolution is 29.6 µm).
The values of the fitting coefficients p 1 − p 9 are:
.2010, p 3 = 2600.9500, p 4 = −1532.0300,
In order to further prove that the modulation results of the multi-value grayscale still satisfy the aforementioned relationship, we designed a gray-level ramp image and loaded it onto the OASLM to modulate the laser beam. The black curve in Figure 6a shows the corresponding one-dimensional (1D) transmittance distribution of the central row measured by the CCD, which has good consistency with the red curve. In order to further prove that the modulation results of the multi-value grayscale still satisfy the aforementioned relationship, we designed a gray-level ramp image and loaded it onto the OASLM to modulate the laser beam. The black curve in Figure 6a shows the corresponding one-dimensional (1D) transmittance distribution of the central row measured by the CCD, which has good consistency with the red curve. If we design a wave-front using Equation (4) and the actual modulation of the SLM loading the corresponding grayscale image is consistent with it, then we can assume that the transmittance measured by the CCD can monitor the phase-modulation result because the phase function in Equation (4) is directly derived from the transmittance. Figure 7a depicts a phase distribution designed with Equation (4), Figure 7b is the actual wave-front directly measured by the WFS and If we design a wave-front using Equation (4) and the actual modulation of the SLM loading the corresponding grayscale image is consistent with it, then we can assume that the transmittance measured by the CCD can monitor the phase-modulation result because the phase function in Equation (4) is directly derived from the transmittance. Figure 7a depicts a phase distribution designed with Equation (4), Figure 7b is the actual wave-front directly measured by the WFS and Figure 7c is a comparison of the 1D distribution of their central row. The modulated result is in good agreement with our designed wave-front.
(b) If we design a wave-front using Equation (4) and the actual modulation of the SLM loading the corresponding grayscale image is consistent with it, then we can assume that the transmittance measured by the CCD can monitor the phase-modulation result because the phase function in Equation (4) is directly derived from the transmittance. Figure 7a depicts a phase distribution designed with Equation (4) Spatial resolution is also a key parameter of the monitoring system. In Figure 6a , the gray values corresponding to the maximum and minimum values are 0.25 and 0.45, respectively. Therefore, in order to demonstrate the accuracy of the system, we designed binary grayscale images with these two values, and the modulation results obtained by the CCD and WFS are compared with their theoretical values. Figure 8 shows modulation results of the OASLM loading Figure 9a (a binary image with a gray-value mutation). Figure 8a is a comparison between the 1D wave-front results obtained from the WFS and the theoretical distribution. Since the Hartmann wave-front sensor uses the wave-front slope and the wave-front variation to calculate the actual wave-front indirectly, here the modulation result of the binary image exceeds its measurement dynamic range, so the wave-front directly measured has a large recovery error and serious discrepancies compared to the theoretical distribution. Figure 8b is a comparison of the 1D transmittance between the result measured by the CCD and the result deduced from the transmittance gray-level relationship. The two results demonstrate good consistency. This implies that the monitoring system has a good response to the modulation of binary grayscale images.
Furthermore, we loaded a binary image with varying periods on our SLM to determine the spatial resolution of the system; the modulation result is shown in Figure 8c , from which we can see that the spatial resolution is at least 200 µm. In Figure 8d , the normalized MTF can be calculated from the relation MTF = (T max − T min )/(T max + T min ). From this we can also obtain the spatial resolution of 5 lp/mm (period of 200 µm, the value of the MTF is 0). At the same time, we can see that the 1 lp/mm (period of 1 mm, the value of the MTF is 1) is a division. When the value of the X-axis is larger than this, the MTF curve drops sharply to 0, so the minimum distinguishable contrast is 1 mm. Figure 9b is a chessboard grayscale image with 70-pixel period in the horizontal direction and 128-pixel (the pixel-pitch of the write-light system is 20 µm) period in the vertical direction. The modulation results are shown in Figure 10 . The black lines in (a) and (b) correspond to the transmittance measured by the CCD and are basically consistent with the red lines, the theoretical results of the transmittance gray-level relationship. The black lines in (c) and (d) are the 1D distributions of the wave-front measured by the WFS, which have significant differences compared to the theoretical values deduced from the phase-change function and represented by the red lines. Therefore, the monitoring system plays a very important role in the measurement of the modulation results on-line. the modulation result of the binary image exceeds its measurement dynamic range, so the wave-front directly measured has a large recovery error and serious discrepancies compared to the theoretical distribution. Figure 8b is a comparison of the 1D transmittance between the result measured by the CCD and the result deduced from the transmittance gray-level relationship. The two results demonstrate good consistency. This implies that the monitoring system has a good response to the modulation of binary grayscale images. Furthermore, we loaded a binary image with varying periods on our SLM to determine the spatial resolution of the system; the modulation result is shown in Figure 8c , from which we can see that the spatial resolution is at least 200 µm. In Figure 8d , the normalized MTF can be calculated from . From this we can also obtain the spatial resolution of 5 lp mm ⁄ (period of 200 µm, the value of the MTF is 0). At the same time, we can see that the 1 lp mm ⁄ (period of 1 mm, the value of the MTF is 1) is a division. When the value of the X-axis is larger than this, the MTF curve drops sharply to 0, so the minimum distinguishable contrast is 1 mm. Figure 9b is a chessboard grayscale image with 70-pixel period in the horizontal direction and 128-pixel (the pixel-pitch of the write-light system is 20 µm) period in the vertical direction. The modulation results are shown in Figure 10 
Conclusions
We applied an equivalent circuit of the OALCLV to study the influence of driving conditions, including the frequency of drive voltage and irradiance of write light on the voltage of the LC layer; at the same time, we investigated the influence of driving conditions on the modulation ability of the phase-only OASLM. We were able to acquire a PV of phase change of approximately 1λ when the home-made OASLM was at the optimal driving condition. The detection system, including a CCD and WFS, was constructed to monitor the phase-control ability of the OASLM. From the MTF of the monitor system, we got a spatial resolution of 200 µm for modulation measurements and a minimum distinguishable contrast of 1 mm. We found that wave-front on-line modulation with feedback control could be obtained with the OASLM and the corresponding monitoring system.
